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(57) ABSTRACT

Provided i1s a flexible tube which 1s used to load fluid from a
floating facility on the sea onto a tanker, which 1s suitable for
transport of cryogenic fluid such as LNG, and which 1s
capable of quickly and reliably detecting leakage of the fluid
in the tube. Also provided 1s a structure for detecting leakage
of fluid 1n a tube. A water impermeable and heat msulating
layer 1s provided on the outer periphery of a heat insulating
layer. The water impermeable and heat isulating layer,
together with the heat insulating layer, thermally 1nsulates
LNG flowing through a corrugated tube from the outside of a
flexible tube. Unlike the heat insulating layer, the water
impermeable and heat 1nsulating layer 1s poor 1n liquid per-
meabaility, and tluid such as LNG hardly permeates the water
impermeable and heat insulating layer. That 1s, the water
impermeable and heat insulating layer serves as a water
impermeable layer between the inside and outside of the
water impermeable and heat isulating layer.

10 Claims, 7 Drawing Sheets
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Fig. 2
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Fig. 3
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Fig. 0
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FLEXIBLE TUBE FOR TRANSPORTING
CRYOGENIC FLUID AND STRUCTURE FOR
DETECTING LEAKAGE OF FLUID IN TUBE

TECHNICAL FIELD

The present 1invention relates to a tlexible tube which 1s
used to transport cryogenic tluid, such as liquefied natural
gas, from an oceanic tloating facility on the sea to a tanker or
the like, and to a structure for detecting leakage of the fluid
from such a flexible tube.

BACKGROUND ART

Conventionally, when petroleum o1l or the like produced
from a subsea o1l field or the like i1s to be loaded onto a
transport tanker from a floating facility (a base) on the sea
where the petroleum o1l or the like 1s stored, the floating
facility and the tanker are connected together by use of a
floating flexible tube, and the petroleum o1l or the like 1s
transported through the flexible tube. In general, a flexible
tube formed of resin 1s used for transport of petroleum o1l or
the like of ordinary temperature. As such a resin flexible tube
for fluid transport, there 1s known a flexible fluid transport
tube which has a reinforcement layer, a heat insulating layer,
a waterproof layer, etc., provided on the outer periphery of an
inner tube formed of resin (Patent Document 1).

Meanwhile, natural gas or the like produced from gas fields
on land or 1 adjacent sea 1s liquefied and stored at a base.
When liquefied natural gas (hereinaiter referred to as “LNG™)
1s loaded onto a transport tanker, an articulated loading arm or
the like provided at a coastal base 1s used. Examples of a base
tor recerving LNG include an LNG recerving base system and
an LNG shipping base system which are described 1n Patent
Document 2 and in which a loading arm scheme 1s employed
(Patent Document 2).

Patent Document 1: Japanese Patent Application Laid-Open
(kokai1) No. H5-180375

Patent Document 2: Japanese Patent Application Laid-Open
(koka1) No. H5-65718

DISCLOSURE OF THE INVENTION

Problems to be Solved by the Invention

The loading arm scheme as disclosed in Patent Document
2 can be used for loading from a base on land to a tanker.
However, 11 the loading arm scheme 1s used to load LNG onto
a tanker from a floating facility which 1s disposed at an open
sea gas field and which produces and stores LNG, the loading
arm fails to follow movement of the tanker in relation to the
tacility which greatly shakes because of waves, wind, etc. In
addition, the loading arm scheme has a problem of causing an
increase in the size of the facility.

A scheme which has been conventionally employed for
transport of petroleum o1l and 1n which fluid 1s loaded onto a
tanker by making use of a tloating flexible tube formed of
resin as disclosed 1n Patent Document 1 encounters difficulty
in coping with cryogenic fluid such as LNG, for the following
reason. LNG has a very low temperature of about -160° C.,
and the conventional floating flexible tube formed of resin
becomes brittle at such a very low temperature. Therefore, the
conventional floating flexible tube fails to have sufficient
flexibility, and, through embrittlement, the flexible tube
breaks due to pressure under which LNG 1s fed. Accordingly,
tflexible tubes which can be used at a very low temperature and
which have sufficient durability and heat insulating perfor-
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mance are required. However, conventionally, a floating flex-
ible tube which can be used for transport of cryogenic tluid,

such as LNG, on the sea has not been provided.

If cryogenic fluid, such as LNG, leaks from an inner tube,
the leaked cryogenic tluid causes embrittlement of the outer-
most waterprood layer or the like formed of resin, which may
result in breakage of the flexible tube and spouting of the fluid
to the outside. However, there has not been provided a method
for quickly and reliably detecting leakage of fluid from the
inner tube.

The present mvention has been accomplished 1n view of
such problems, and its object 1s to provide a flexible tube
which 1s used to load fluid from an oceanic floating facility on
the sea onto a tanker, which allows transport of cryogenic
fluid such as LNG, and which can include a temperature
sensor for leakage detection to thereby realize quick and
reliable detection of leakage of the fluid in the tube. Another
object of the present mvention 1s to provide a structure for
detecting leakage of fluid 1n a tube.

Means for Solving the Problems

To achieve the above object, a first invention provides a
tflexible tube for transporting a cryogenic tluid, comprising at
least a corrugated metallic inner tube having flexibility; a
reinforcement layver provided on the outer periphery of the
corrugated metallic inner tube; a first heat insulating layer
provided on the outer periphery of the reinforcement layer; a
second heat mnsulating layer provided on the outer periphery
of the first heat insulating layer; and a waterproof layer pro-
vided on the outer periphery of the second heat nsulating
layer, wherein the first heat insulating layer 1s superior to the
second heat msulating layer 1in terms of liquid permeability.

Desirably, an optical fiber temperature sensor 1s provided,
as a temperature sensor, between the first heat insulating layer
and the second heat insulating layer, and the optical fiber
temperature sensor 1s continuously wound on the outer
periphery of the first heat insulating layer.

Desirably, the second heat msulating layer 1s a layer of
nonwoven fabric containing aerogel. Desirably, and the first
heat insulating layer 1s thinner than the second heat insulating
layer. Here, acrogel refers to a substance which 1s produced 1n
the form of gel through replacement of moisture with gas,
which contains air 1n an amount of about 90% or more by
volume, and which 1s very light and has high heat insulating
performance. Aerogel 1s mainly formed of silica, alumina, or
the like, and 1s used as catalyst or absorbent in many cases.

A liguid permeation prevention layer may be further pro-
vided between the first heat insulating layer and the second
heat insulating layer. The corrugated metallic inner tube may
be a stainless steel tube, and a seat layer for absorbing uneven-
ness of an outer circumierential surface of the corrugated
metallic inner tube may be provided between the corrugated
metallic inner tube and the first heat msulating layer.

Furthermore, the reinforcement layer 1s formed by use of a
tape selected from polyester fiber fabric tape, aramid fiber
fabric tape, arylate fiber fabric tape, ultrahigh molecular
weight polyethylene fiber fabric tape, carbon fiber fabric tape,
and metallic tape, and the tape 1s wound around the inner tube
in clockwise and counterclockwise directions alternately so
as to form superimposed layers of the tape. The flexible tube
may be a flexible tube for transporting a cryogenic fluid.
Since a cryogenic fluid (e.g., LNG) having a temperature of
about —160° C. or lower 1s passed through the metallic inner
tube, the above-mentioned resin fiber tapes, which are low 1n
heat conductivity, are preferred, because the resin fiber tapes
provide a higher heat imnsulating effect as compared with the
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carbon fiber fabric tape and the metallic tape. Moreover, the
fiber fabric tape 1s preferred, because the fiber fabric tape can
be wound around the corrugated metallic tube more flexibly
as compared with the metallic tape.

According to the first invention, a reinforcement layer 1s
provided on the outer periphery of a corrugated metallic inner
tube. Since the wall thickness of the corrugated metallic inner
tube 1s restricted to a predetermined thickness so as to main-
tain tlexibility, the inner tube may deform in the axial direc-
tion because of the pressure of fluid withuin the mner tube.
Therefore, the reinforcement layer i1s provided in order to
suppress deformation of the inner tube 1n the axial direction.
Furthermore, the reimnforcement layer also has an effect of
suppressing deformation in the radial direction, and an effect
ol 1mproving creep resistance.

Moreover, since the fluid within the inner tube 1s thermally
insulated from the outside of the flexible tube by means of the
first and second heat insulating layers, the fluid 1s not atfected
by the outside temperature, and the waterproof layer, which 1s
an outer layer of the tlexible tube, 1s not affected by the fluid.

Since the first heat 1nsulating layer 1s excellent 1n liquid
permeability and the second heat msulating layer 1s poor in
liquid permeability, when the fluid leaks from the inner tube,
the fluid permeates preferentially the first heat insulating
layer and 1s less likely to permeate the outer second heat
insulating layer. Therefore, the fluid does not reach the outer
layer of the flexible tube, and the heat insulating effect can be
maintained. That 1s, the first heat insulating layer has not only
a heat insulating etlfect but also an effect of causing the fluid
to permeate and spread over a large area without staying a
single location; and the second heat msulating layer has not
only a heat insulating eflect but also an effect of serving as a
water impermeable layer for preventing permeation of the
fluid, to thereby has an effect of maintaining the heat insulat-
ing eilect and delaying embrittlement or breakage of the
flexible tube.

In particular, when the first heat insulating layer 1s thinner
than the second heat insulating layer, the effect of dispersing,
the fluid into the first heat nsulating layer due to liquid
permeation 1s high, and the water stopping eflect of the sec-
ond heat 1nsulating layer 1s high. Furthermore, 1n the case
where the liqumd permeation prevention layer 1s provided
between the first heat insulating layer and the second heat
insulating layer, a higher water stopping performance can be
attained, and the liquid permeation prevention layer effec-
tively functions as a water impermeable layer.

In the case where nonwoven fabric containing aerogel 1s
used to form the second heat insulating layer, a higher heat
insulating effect can be attained, an effect of preventing per-
meation of the fluid 1s high, and a very high strength can be
attained.

In the case where a temperature sensor 1s provided between
the first heat 1nsulating layer and the second heat 1nsulating,
layer, 1t becomes possible to detect the temperature of the
fluid permeating the first heat insulating layer. In particular, 1in
the case where an optical fiber temperature sensor 1s continu-
ously wound at a predetermined pitch, when the tluid perme-
ates the first heat insulating layer and reaches the optical fiber
temperature sensor, the optical fiber temperature sensor can
detect the presence/absence of a portion from which the fluid
has leaked, and the leakage location. The winding of the
optical fiber temperature sensor 1s not necessarily required to
be performed at a predetermined pitch, so long as the optical
fiber temperature sensor 1s wound continuously and the wind-
ing length and winding portion thereof are known.

In the case where the mnner tube 1s a corrugated metallic
tube, through provision of a seat layer on the outer periphery
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of the inner tube, the unevenness of the outer circumierence
of the 1inner tube can be absorbed, whereby a flat surface can
be provided. Thus, installation of the reinforcement layer,
etc., which are provided on the outer periphery of the inner
tube, becomes easier, and shifting of the wound tape or the
like and rubbing between the reinforcement layer and the
uneven outer periphery of the inner tube can be suppressed.

The second invention 1s a structure for detecting leakage of
a tluid 1n a tube, characterized by comprising an inner tube
through which the fluid flows; a first heat insulating layer
provided on the outer periphery of the inner tube; a second
heat 1insulating layer provided on the outer periphery of the
first heat insulating layer; and an optical fiber temperature
sensor wound at a predetermined pitch between the first heat
insulating layer and the second heat insulating layer, wherein
the first heat 1nsulating layer 1s superior to the second heat
insulating layer 1n terms of liquid permeability, and, when the
fluid leaks from the inner tube, the fluid permeates the first
heat insulating layer preferentially over the second heat insu-
lating layer, and a temperature change 1s detected by the
optical fiber temperature sensor, whereby the leakage of the
fluid 1s detected.

According to the second invention, the first heat insulating
layer 1s superior to the second heat insulating layer in terms of
liquid permeability. Therefore, the fluid leaked from the 1nner
tube preferentially permeates the first heat msulating layer
without permeating the second heat insulating layer, and
spreads into the first heat insulating layer. Therefore, by mak-
ing use of the optical fiber temperature sensor provided on the
outer periphery of the first heat insulating layer, the presence/
absence of a portion from which the flmid has leaked and the
position of the leakage can be detected.

Efitect of the Invention

According to the present invention, there can be provided a
flexible tube which 1s used to load fluid from a floating facility
on the sea onto a tanker, which 1s suitable for transport of
cryogenic tluid such as LNG, and which 1s capable of quickly
and reliably detecting leakage of the fluid 1n the tube. Also, a
structure for detecting leakage of the fluid 1n the tube can be
provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view showing the structure of a
flexible tube 1.

FIG. 2 1s a partial sectional view showing the structure of
the flexible tube 1.

FIG. 3 1s a sectional view showing an optical fiber tem-
perature sensor 15.

FIG. 4 1s a schematic view showing a state in which the
optical fiber temperature sensor 15 has detected a temperature
dropped portion 16.

FIGS. 5(a) to 5(c) are views showing detection of leakage
of fluid 21 by the optical fiber temperature sensor, wherein
FIG. 5(a) shows a state immediately after generation of a
leakage portion 23, FIG. 5(b) shows a state 1n which the fluid
21 has flowed into a waterproof layer 9, and FI1G. 5(c) shows
a state 1n which the fluid 21 has permeated the waterproof
layer 9 and reached the vicimity of the optical fiber tempera-
ture sensor 15.

FIG. 6 15 a view showing a situation where the flexible tube
1 1s used.

FIG. 7 1s a view showing a flexible tube 40 1n which a liquad
permeation prevention layer 41 1s provided.
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DESCRIPTION OF REF.

L4
v

ENCE NUMERALS

1, 40: flexible tube

3: corrugated tube

5: seat layer

7: reinforcement layer

9: heat insulating layer

11: water impermeable and heat insulating layer
13: waterproof layer

15: optical fiber temperature sensor
16: temperature dropped portion
17: metallic tube

19: optical fiber

21: flmd

23: leakage portion

30: oceanic tloating facility

31: supply section

33: receiving section
37: tanker

39: drum
41: liguid permeation prevention layer

BEST MODE FOR CARRYING OUT TH.
INVENTION

(L]

A flexible tube 1 according to an embodiment of the
present invention will now be described. FIG. 1 1s a perspec-
tive view showing the structure of the flexible tube 1; and FIG.
2 1s a partial sectional view of the flexible tube 1. The flexible
tube 1 1s mainly composed of a corrugated tube 3, a seat layer
5, a reinforcement layer 7, a heat mnsulating layer 9, a water
impermeable and heat insulating layer 11, a waterproof layer
13, and an optical fiber temperature sensor 15.

In general, in consideration of transport efliciency of fluid,
a tanker of 100,000 tons to 150,000 tons 1s used for transport
of fluid on the sea. Furthermore, since weather changes
greatly on the sea, in general, an operation of loading fluid
onto a tanker or the like 1s desired to be completed within 24
hours. Accordingly, 1n the case where the flow rate of fluid 1s
5> m/sec, several flexible tubes 1, each having a diameter of
about 400 mm to 500 mm, are used simultaneously 1n con-
sideration of loading efficiency. Desirably, the flexible tube 1
has a large diameter so as to increase tuel transport efficiency.
However, 1n such a case, the allowable bending radius of the
flexible tube 1 increases, and an apparatus for laying the
flexible tube 1 increases 1n size. Therefore, the diameter of the
flexible tube 1 1s properly determined 1n accordance with
conditions of use, etc.

The innermost layer of the tlexible tube 1 1s the corrugated
tube 3, which 1s provided as an mner tube. When the flexible
tube 1 1s used, fluid (in the following description, the flud 1s
assumed to be LNG) 1s caused to tlow through the corrugated
tube 3. The corrugated tube 3, 1s a tubular member having
tflexibility, has some strength and 1s excellent in low-tempera-
ture resistance. That 1s, preferably, the corrugated tube 3 1s
formed of a material which can maintain flexibility and 1s
unlikely to generate a fissure or crack even when cryogenic
fluid, such as LNG, tlows through the corrugated tube 3. For
example, the corrugated tube 3 1s a corrugated tube formed of
metal, desirably, a bellow tube formed of stainless steel. Nota-
bly, 1n place of the corrugated tube 3, an 1inner tube of other
type may be used, so long as the mner tube to be used has
flexibility of a similar degree and 1s excellent 1n low-tempera-
ture resistance.

The seat layer 5 1s provided on the outer periphery of the
corrugated tube 3. The seat layer 5 absorbs unevenness (pro-
jections and depressions attributable to the corrugated shape)
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6

on the outer circumierence of the corrugated tube 3 to thereby
provide a generally flat circumierential surface. The seat
layer 5 can deform in order to follow flexing of the corrugated
tube 3. That 1s, the seat layer 5 has some thickness, and serves
as a cushion for absorbing unevenness on the outer circums-
terence of the corrugated tube 3 attributable to the corrugated
shape thereof. However, the seat layer 5 does not need to
completely fill the depressions. The remnforcement layer 7,
etc., which will be described later, are provided on the outer
periphery of the corrugated tube 3. The unevenness on the
outer circumierence of the corrugated tube 3 makes difficult
winding of reinforcement tape or the like which constitutes
the reinforcement layer 7. Further, the reinforcement tape or
the like may shiit during use or in other situations. The seat
layer S 1s provided so as to overcome such drawbacks.

Notably, for example, nonwoven fabric or the like can be
used to form the seat layer 5. Furthermore, the seat layer 3 1s
unnecessary in the case where the mner tube does not have a
large unevenness on the outer circumierential surface thereof
attributable to, for example, its corrugated shape, or the case
where the unevenness does not adversely affect the reimnforce-
ment layer 7, etc. provided on the outer periphery of the inner
tube.

The reinforcement layer 7 1s provided on the outer periph-
ery of the seat layer 5. The reinforcement layer 7 suppresses
mainly deformation (extension) of the corrugated tube 3 in
the axial direction of the flexible tube 1, and can deform so as
to follow tlexing of the corrugated tube 3. For example, when
LNG 1s caused to flow 1nto the corrugated tube 3, an internal
pressure of about 1 MPa 1s produced within the corrugated
tube 3. The corrugated tube 3 can withstand a pressure acting
on the inner circumierential surface of the corrugated tube 3.
However, upon generation of an internal pressure, the corru-
gated tube 3 easily deforms (extends) 1n the axial direction of
the corrugated tube 3 because of the corrugated shape pro-
vided so as to attain tlexibility. Therefore, the reinforcement
layer 7 1s provided so as to suppress deformation of the
corrugated tube 3 1n the axial direction.

The reinforcement layer 7 1s formed by means of winding,
reinforcement tape such as fiber tape, metallic tape, or the
like. Examples of the fiber tape includes polyester fiber fabric
tape, aramid fiber fabric tape, arylate fiber fabric tape, ultra-
high molecular weight polyethylene fiber fabric tape, and
carbon fiber fabric tape. An example of the metallic tape 1s
stainless steel tape.

In order to form the reinforcement layer 7, the reinforce-
ment tape 1s wound around the seat layer 5 at a predetermined
pitch. The remforcement tape 1s not required to be wound
such that end portions (with respect to the width direction) of
axially adjacent portions of the reinforcement tape overlap
cach other. That 1s, the winding pitch of the reinforcement
tape can be made greater than the width of the reinforcement
tape. The reinforcement tape 1s wound on the seat layer 5 such
that the reinforcement tape forms at least two superimposed
layers, and the winding direction of the reinforcement tape 1n
the first layer 1s opposite that of the reinforcement tape 1n the
second layer. That 1s, the reinforcement tape 1s wound on the
outer periphery of the seat layer 3 such that the reinforcement
tape 1n the first layer and that 1n the second layer cross each
other (such winding will be referred to as *“alternate wind-
ng’’).

The alternate winding 1s employed for the following rea-
son. In the case where the remnforcement tape 1s wound 1n a
single direction, when the flexible tube 1 recerves a force 1n
the axial direction, a twisting force 1s generated in the flexible
tube 1 1n a direction corresponding to the winding direction of
the remnforcement tape. When necessary, an unillustrated
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holding winding layer for holding the reinforcement tape may
be provided on the outer periphery of the wound reinforce-
ment tape. The holding winding layer may be formed by use
of, for example, nonwoven fabric tape, and may be wound
around the outer surface of the reinforcement layer formed
through alternate winding of the reinforcement tape, or the
outer surface of each winding layer.

The heat msulating layer 9 1s provided on the outer periph-
ery of the remnforcement layer 7. The heat insulating layer 9
can provide thermal insulation between LNG flowing
through the corrugated tube 3 and the outside of the flexible
tube 1, and can deform so as to follow tlexing of the corru-
gated tube 3. That 1s, heat of LNG 1s hardly transmitted to the
outer surface of the flexible tube 1. Therefore, the waterproof
layer 13, which 1s the outermost layer to be described later,
does not receive the influence of the temperature of the LNG.
Similarly, the outside temperature of the flexible tube 1 1s not
transmitted to the LNG, whereby evaporation of the LNG
within the flexible tube 1 1s prevented.

Desirably, the heat insulating layer 9 1s formed of a mate-
rial which has heat 1nsulating properties and 1s excellent in
liquid permeability. For example, nonwoven fabric, desir-
ably, polyester fiber nonwoven fabric, 1s used to form the heat
insulating layer 9. Desirably, the heat insulating layer 9 has a
thickness of 5 mm or greater.

The water impermeable and heat insulating layer 11 1s
provided on the outer periphery of the heat insulating layer 9.
The water impermeable and heat insulating layer 11, together
with the heat insulating layer 9, can provide thermal 1nsula-
tion between the LNG flowing through the corrugated tube 3
and the outer periphery of the flexible tube 1, and can deform
so as to follow flexing of the corrugated tube 3. Unlike the
heat insulating layer 9, the water impermeable and heat 1nsu-
lating layer 11 1s poor in liquid permeability. Therefore, flmd
such as LNG hardly permeates the water impermeable and
heat msulating layer 11. That 1s, the water impermeable and
heat msulating layer 11 serves as a water impermeable layer
between the inside and outside of the water impermeable and
heat msulating layer 11.

The water impermeable and heat insulating layer 11 must
be formed of a maternial which 1s high 1in heat isulating
performance and low 1n liquid permeability. An example of
such a material 1s fiber-based nonwoven fabric containing
acrogel. For example, silica acrogel may be used as the aero-
gel, and the aerogel 1s included in the nonwoven fabric
(through 1mpregnation). The aerogel has an extremely high
heat insulating performance and has a high load resistance.
Further, the nonwoven fabric containing the aerogel 1s very
poor 1n liqud permeability. Even when LNG reaches the
water impermeable and heat nsulating layer 11, the LNG
hardly permeates the water impermeable and heat insulating,
layer 11. Furthermore, since the nonwoven fabric containing
the aerogel 1s unlikely to collapse, the waterproof layer 13 to
be described later does not loosen.

The thickness of the water impermeable and heat msulat-
ing layer 11 1s desirably greater than that of the heat insulating
layer 9, and the heat nsulating layer 9, which serves as a
liquid permeating layer, preferably has a small thickness, for
the following reason. When the water impermeable and heat
insulating layer 11 1s thick, high thermal 1nsulating perfor-
mance can be attained. In addition, as described later, when
LNG leaks, the LNG can permeate the heat insulating layer 9
over a wide area within a short period of time. Notably, the
water impermeable and heat insulating layer 11 may be
formed by means of superimposing a plurality of layers.

The waterproof layer 13 1s provided on the outer periphery
of the water impermeable and heat insulating layer 11. The
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waterproof layer 13 can prevent entry of water from the
outside, and can deform so as to follow flexing of the corru-
gated tube 3. That 1s, seawater or the like does not infiltrate
into the interior of the flexible tube 1, even when the flexible
tube 1 1s laid on the water and LNG 1s transported through the
flexible tube 1. Notably, the waterproof layer 13 1s formed of,
for example, resin, preferably, polyethylene. As described
above, since the heat insulating layer 9 and the water imper-
meable and heat insulating layer 11 are present, the influence
of the temperature of LNG (cryogenic tluid) hardly reach the
waterproof layer 13. Therefore, there 1s no possibility that the
waterproof layer 13 becomes brittle due to low temperature
and fails to follow tlexing of the corrugated tube 3.

The flexible tube 1 further includes the optical fiber tem-
perature sensor 15. The optical fiber temperature sensor 15 1s
provided between the heat msulating layer 9 and the water
impermeable and heat msulating layer 11, and 1s spirally and
continuously wound around the waterproof layer 9. The opti-
cal fiber temperature sensor 15 1s desirably wound on the
outer periphery of the waterprootf layer 9 at a constant pitch
of, for example, about 200 mm, preferably, about 100 mm.
Furthermore, a light source, an optical splitter, an amplifier, a
measurement device, etc., which are not shown, are con-
nected to end portions of the optical fiber temperature sensor
15.

FIG. 3 1s a sectional view showing the structure of the
optical fiber temperature sensor 15. The optical fiber tempera-
ture sensor 15 1s composed of a metallic tube 17, an optical
fiber 19, etc. The optical fiber 19 1s inserted into the metallic
tube 17. For example, a stainless steel pipe having a diameter
of about 1 to 2 mm can be used as the metallic tube 17.
Notably, desirably, the optical fiber 19 has an extra length
ratio (the ratio of an extra length of the optical fiber 19 1n
relation to the length of the metallic tube 17) of 1% or more so
that, when the flexible tube 1 deforms, the optical fiber 19 can
follow the deformation of the flexible tube 1.

The optical fiber temperature sensor 15 measures a tem-
perature distribution by making use of the phenomenon that
the intensity of Raman scattering light depends on tempera-
ture and the concept that the location where Raman scattering,
light 1s generated can be determined from a time required for
an optical pulse to propagate back and forth through the
optical fiber 19. When optical pulses are fed to the optical
fiber 19 at a constant period, Raman scattering light 1s gen-
crated as backward scattering light. The ratio 1n intensity
between anti-Stokes light and Stokes light of Raman scatter-
ing light depends on the temperature of the optical fiber 19.
That 1s, the 1ntensity of scattering light (the intensity ratio
between anti-Stokes light Ia and Stokes light Is) increases and
decreases with temperature. Accordingly, the temperature at
cach measurement position can be known by means of
observing the intensity ratio between anti-Stokes light and
Stokes light for the fed optical pulse on the time axis. That 1s,
the optical fiber temperature sensor 15 can measure the tem-
perature distribution of the flexible tube 1.

FIG. 4 1s a schematic diagram showing a change in a
measurement value (the intensity ratio between anti-Stokes
light Ia and Stokes light Is) of Raman scattering light in the
case where the optical fiber temperature sensor 15 has a
temperature dropped portion 16. Since the optical fiber tem-
perature sensor 15 1s located on the outer side of the heat
isulating layer 9, 1n an ordinary state, the influence, on the
optical fiber temperature sensor 135, of the temperature of
LNG flowing through the corrugated tube 3 1s small. There-
fore, the optical fiber temperature sensor 15 shows that the
temperature 1s constant (substantially ordinary temperature)
over the entire length of the flexible tube 1 (the entire length
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of the optical fiber temperature sensor 15). In such case, the
intensity ratio between anti-Stokes light Ia and Stokes Is light
measured for the optical pulse L becomes approximately
constant over the entire length of the optical fiber temperature
sensor 13.

Meanwhile, when the corrugated tube 3 breaks and LNG or
the like flows out from a portion of the corrugated tube 3, the
LNG permeates the heat insulating layer 9, and the tempera-
ture of the optical fiber temperature sensor 15 sharply drops at
a position corresponding to that portion. That 1s, the tempera-
ture dropped portion 16 1s produced 1n the optical fiber tem-
perature sensor 13.

When the temperature sharply dropped portion 16 1s pro-
duced 1n the optical fiber temperature sensor 15, the intensity
of Raman scattering light (the intensity ratio between anti-
Stokes light Ia and Stokes light Is) decreases at the tempera-
ture dropped portion 16. Accordingly, the optical fiber tem-
perature sensor 15 can detect an approximate position of the
temperature dropped portion 16 and a temperature drop at
that position. Accordingly, in the case where LNG 1s locally
leaked from the corrugated tube 3 within the flexible tube 1, a
portion of the optical fiber temperature sensor 15 located near
the position of the leakage can immediately detect a sharp
temperature drop, to thereby detect the leakage of LNG
within the flexible tube 1.

Next, there will be described a state in which LNG leaks
and flows out from the corrugated tube 3, and a state 1n which
the leakage of LNG 1s detected by the optical fiber tempera-
ture sensor 15. FIGS. 5(a) to 5(c¢) are views showing a state in
which the optical fiber temperature sensor 15 detects leakage
of LNG from a portion of the corrugated tube 3.

Liquid 21 such as LNG flows within the corrugated tube 3.

As shown 1n FI1G. 5(a), when a portion of the corrugated tube
3 breaks with formation of a leakage portion 23, the fluid 21
flows to the outside of the corrugated tube 3 from the leakage
portion 23.

FI1G. 5(b) shows a state 1n which the fluid 21 has tflowed out
from the leakage portion 23. Since the tluid 21 easily perme-
ates the seat layer 5, the reinforcement layer 7, and the heat
insulating layer 9, the fluid permeates and spreads over
respective portions of the seat layer 5, the reinforcement layer
7, and the heat insulating layer 9, the portions being located
near the leakage portion 23 (arrows A). At that time, 1f the
optical fiber temperature sensor 13 1s located near the leakage
portion 23, the optical fiber temperature sensor 15 1mmedi-
ately detects the temperature of the fluid 21. Therefore, 1n the
case where the fluid 1s LNG, the optical fiber temperature
sensor 15 can detect the presence of a very low temperature
portion 1n the vicinity of the leakage portion 23. Accordingly,
the presence of the leakage portion 23 can be detected.

Meanwhile, since the optical fiber temperature sensor 15 1s
wound on the heat insulating layer 9 at a predetermined pitch,
as shown 1n FIG. 5(b), the distance from the leakage portion
23 to the optical fiber temperature sensor 15 may be long 1n
some cases. In such a state, 1t 1s difficult for the optical fiber
temperature sensor 15 to detect leakage of the fluid 21.

FIG. 5(c) shows a state after the outtlow of the fluid 21 from
the leakage portion 23 has continued. As shown 1 FI1G. 5(c¢),
the fluid 21 tlowed out of the leakage portion 23 expands the
area permeated with the fluid 21, while permeating the heat
insulating layer 9 (and the reinforcement layer 7, the seat
layer 3, etc.). At that time, since the water impermeable and
heat 1nsulating layer 11 1s poor 1n liquid permeability, the
fluid 21 hardly permeates the water impermeable and heat
insulating layer 11. That 1s, the fluid 21 expands 1n the cir-
cumierential direction or the longitudinal direction of the
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flexible tube 1 inside the water impermeable and heat 1nsu-
lating layer 11 (directions of arrows B).

When the fluid 21 has expanded 1n a layer form inside the
water impermeable and heat insulating layer 11 and reached
the vicimity of the optical fiber temperature sensor 15, the
temperature of a corresponding portion of the optical fiber
temperature sensor 15 sharply drops. Accordingly, leakage of
the fluid 21 can be detected.

Notably, in the case where the flexible tube 1 1s notrequired
to have a fluid leakage detection function, the optical fiber
temperature sensor 15 1s unnecessary. Even in such a case, the
flexible tube 1 can be used as a floating flexible tube for

transport of cryogenic fluid, such as LNG, on the sea.
FIG. 6 shows a state in which the flexible tube 1 1s used. An

oceanic tloating facility 30 1s provided on the sea. The oceanic
floating facility 30 1s a storage base which 1s provided espe-
cially on the open sea and which liqueties and stores natural
gas produced from a subsea gas field. The LNG stored at the

oceanic floating facility 30 1s regularly transported to a tanker
37.

A supply section 31 1s provided on the oceanic floating
tacility 30. The supply section 31 1s a section for feeding the
LNG stored at the oceanic floating facility 30. Meanwhile, a
receiving section 35 1s provided on the tanker 37. The rece1v-
ing section 35 1s a section for recetving the LNG fed from the
supply section 31.

The flexible tube 1 1s wound around a drum 39 or the like
for storage. When the flexible tube 1 1s used, the flexible tube
1 1s fed from the drum 39 onto the sea. On the sea, an
unillustrated small ship or the like guides an end portion of the
flexible tube 1 to the tanker 37. After the tlexible tube 1 has
been fed onto the sea sulficiently, opposite ends of the flexible
tube 1 are connected to the supply section 31 and the receiv-
ing section 33, respectively. While floating on the sea, the
flexible tube 1 transports to the receiving section 33 the LNG
fed from the supply section 31. Thus, loading of LNG from
the oceanic floating facility 30 onto the tanker 37 1s per-
formed. At that time, since the flexible tube 1 has flexibility,
the flexible tube 1 can follow a change in relative position
between the oceanic floating facility 30 and the tanker 37,
which change 1s caused by waves or the like. Furthermore, the
flexible tube 1 does not require a large space on the oceanic
floating facility 30 for storage.

As described above, according to the flexible tube 1 of the
present embodiment, the reinforcement layer 7 1s provided on
the outer periphery of the corrugated tube 3 via the seat layer
5. Theretore, 1t 1s possible to prevent the corrugated tube 3
from deforming 1n the axial direction of the flexible tube 1,
which deformation would otherwise be caused by the pres-
sure of the fluid 21 flowing through the corrugated tube 3.
Furthermore, the fluid 21 within the corrugated tube 3 1is
thermally insulated from the outside of the flexible tube 1 by
the heat msulating layer 9 and the water impermeable and
heat insulating layer 11. Therefore, the fluid 21 1s not affected
by the outside temperature, and the waterproof layer 13 1s not
aifected by the temperature of the fluid 21.

The heat insulating layer 9 1s excellent in liquid permeabil-
ity, and the water impermeable and heat insulating layer 11 1s
poor in liquid permeability. Therefore, when the fluid 21 leaks
from the corrugated tube 3, the fluid 21 preferentially perme-
ates the heat msulating layer 9 (and the seat layer 5 and the
reinforcement layer 7), and the fluid 21 1s unlikely to perme-
ate the water impermeable and heat insulating layer 11.
Accordingly, the fluid 21 does not tlow to the outside of the
water impermeable and heat insulating layer 11, and the heat
insulating etfect can be maintained.
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Since the optical fiber temperature sensor 15 1s provided
between the heat msulating layer 9 and the water imperme-
able and heat msulating layer 11, the leakage of the fluid 21
within the flexible tube 1 can be detected. Specifically, 1n an
ordinary state, the fluid 21 1s thermally insulated by the heat
insulating layer 9, and the optical fiber temperature sensor 135
1s not affected by the temperature of the fluid 21. However,
when the fluid 21 leaks, the fluid 21 permeates the heat
insulating layer 9. In such a case, the optical fiber temperature
sensor 15 can detect the temperature of the fluid 21 permeat-
ing the heat insulating layer 9. Therefore, leakage of the flud
21 within the flexible tube 1 can be detected.

Since the heat insulating layer 9 1s thinner than the water
impermeable and heat msulating layer 11, at the time of
leakage of the fluid 21, the flmd 21 permeates the heat 1nsu-
lating layer 9 over a large area extending 1n the circumieren-
tial direction and the axial direction of the flexible tube 1,
within a short period of time. Therefore, even 1n the case
where the winding pitch of the optical fiber temperature sen-
sor 15 1s large and the leakage portion 23 1s located away from
a position where the optical fiber temperature sensor 15 1s
wound, the fluid 21 permeates to the vicinity of the optical
fiber temperature sensor 15 within a short period of time.
Accordingly, when the fluid 21 leaks within the flexible tube
1, the leakage of the fluid 21 can be detected immediately,
with the heat insulating effect maintained.

Since the water impermeable and heat insulating layer 11 1s
formed through impregnation of aerogel into nonwoven fab-
ric, a high heat msulating effect and a high water stopping
cifect can be attained. Furthermore, since the water imper-
meable and heat insulating layer 11 1s thicker than the heat
isulating layer 9, a suilicient heat insulating effect can be
attained even when the fluid 21 leaks. Furthermore, the fluid
21 can be prevented from flowing out to the outside of the
water impermeable and heat msulating layer 11.

While the embodiment of the present invention has been
described with reference to the appended drawings, the tech-
nical scope of the present invention 1s not limited to the
embodiment. It 1s apparent that those skilled 1n the art can
casily conceive various variations or modifications without
departing from technical 1deas described in claims, and these
variations or modifications are to be construed as falling
within the technical scope of the present invention.

For example, 1n the above-described embodiment, the opti-
cal fiber temperature sensor 15 1s provided between the heat
insulating layer 9 and the water impermeable and heat 1nsu-
lating layer 11. However, the sensor for leakage detection 1s
not limited thereto. Ordinary temperature sensors may be
attached at predetermined intervals.

Furthermore, a liquid permeation prevention layer may be
provided between the heat msulating layer 9 and the water
impermeable and heat insulating layer 11. FIG. 7 1s a view
showing a flexible tube 40, 1n which a liquid permeation
prevention layer 41 1s provided. Although the water imper-
meable and heat 1nsulating layer 11 1s water impermeable,
permeation of the fluid 21 into the water impermeable and
heat msulating layer 11 proceeds slowly with elapse of time.
Therefore, the liquid permeation prevention layer 41 1s pro-
vided 1n order to more reliably prevent permeation of the
leaked fluid 1nto an outer layer. In this case, the liquid perme-
ation prevention layer 41 must be unlikely to become brittle at
low temperature and must have water stopping performance.
Nonwoven tape, metallic tape, or the like may be used to form
the liguid permeation prevention layer 41.

Application of the flexible tube 1 1s not limited to transport
of LNG. The flexible tube 1 can be used for transport of fluid

of other types. Especially, for fluids other than those of ordi-
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nary temperature, the optical fiber temperature sensor 15 can
provide a leakage detection function.

The mnvention claimed 1s:

1. A flexible tube for transporting a cryogenic fluid, com-
prising:

a flexible corrugated metallic 1nner tube;

a remforcement layer disposed on the outer periphery of
the corrugated metallic mnner tube, formed by alternate
winding of a reinforcement tape, and configured to
reduce deformation of the corrugated metallic inner tube
1n an axial direction;

a first heat insulating layer disposed on the outer periphery
of the reinforcement layer;

a second heat insulating layer disposed on the outer periph-
ery of the first heat insulating layer;

an optical fiber temperature sensor disposed between the
first heat insulating layer and the second heat imnsulating
layer, and being wound spirally at a predetermined
pitch; and

a waterprool layer disposed on the outer periphery of the
second heat msulating layer, wherein

the second heat insulating layer 1s configured to be imper-
meable to water and disposed on the outer periphery of
the optical fiber temperature sensor,

the first heat insulating layer 1s configured to have a greater
liquid permeability than the second insulating layer such
that the cryogenic fluid preferentially permeates the first
heat 1nsulating layer instead of the second heat insulat-
ing layer,

when there 1s no presence of a cryogenic fluid leak in the
flexible tube, the cryogenic fluid 1s thermally mnsulated
by the first heat msulating layer and the optical fiber
temperature sensor 1s not atfected by the temperature of
the cryogenic fluid, and

in response to a cryogenic tluid leak, the cryogenic fluid
permeates the first heat insulating layer which 1s
detected by the optical fiber temperature sensor.

2. The flexible tube for transporting a cryogenic fluid

according to claim 1, wherein

the corrugated metallic mner tube 1s a stainless steel tube;
and

a seat layer configured to absorb unevenness of an outer
circumierential surface of the corrugated metallic inner
tube 1s disposed between the corrugated metallic inner
tube and the first heat insulating layer.

3. The flexible tube for transporting a cryogenic fluid
according to claim 1, wherein the reinforcement layer is
formed of a tape selected from polyester fiber fabric tape,
aramid fiber fabric tape, arylate fiber fabric tape, ultrahigh
molecular weight polyethylene fiber fabric tape, carbon fiber
tabric tape, and metallic tape.

4. The flexible tube for transporting a cryogenic fluid
according to claim 1, wherein:

the first heat insulating layer includes a layer of nonwoven
fabric and the second heat insulating layer includes a
layer of fiber-based nonwoven fabric containing aero-
gel, and

a thickness of the second heat insulating layer 1s greater
than a thickness of the first heat insulating layer such that
the second heat insulating layer 1s configured to provide
a greater heat isulating performance over the first heat
insulating layer.

5. The flexible tube for transporting a cryogenic fluid
according to claim 1, wherein a liquid permeation prevention
layer 1s provided between the optical fiber temperature sensor
and the second heat 1mnsulating layer, and the liquid perme-
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ation prevention layer 1s configured to reduce permeation of
the cryogenic fluid into the second heat 1insulating layer.

6. A flexible tube for transporting a cryogenic fluid, com-

prising;:

a flexible corrugated metallic inner tube;

a reinforcement layer disposed on the outer periphery of
the corrugated metallic mnner tube, formed by alternate
winding of a reinforcement tape, and configured to
reduce deformation of the corrugated metallic inner tube
1n an axial direction;

a first heat insulating layer disposed on the outer periphery
of the reinforcement layer;

a second heat insulating layer disposed on the outer periph-
ery of the first heat msulating layer and on the outer
periphery of an optical fiber temperature sensor, and
configured to be impermeable to water;

the optical fiber temperature sensor disposed between the
first heat insulating layer and the second heat imnsulating
layer, and being wound spirally at a predetermined
pitch; and

a waterproot layer disposed on the outer periphery of the
second heat mnsulating layer, wherein

the first heat insulating layer 1s configured to have a greater
liquid permeability than the second insulating layer such
that the cryogenic tluid preferentially permeates the first
heat msulating layer instead of the second heat 1nsulat-
ing layer, and

in response to a cryogenic tluid leak 1n the tlexible tube, the
optical fiber temperature sensor 1s configured to detect
the cryvogenic fluid permeating through the first heat
insulating layer.
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7. The flexible tube for transporting a cryogenic tluid
according to claim 6, wherein

the corrugated metallic inner tube 1s a stainless steel tube;

and

a seat layer configured to absorb unevenness of an outer

circumierential surface of the corrugated metallic inner
tube 1s disposed between the corrugated metallic inner
tube and the first heat insulating layer.

8. The flexible tube for transporting a cryogenic fluid
according to claim 6, wherein the reinforcement layer is
formed of a tape selected from polyester fiber fabric tape,
aramid fiber fabric tape, arylate fiber fabric tape, ultrahigh
molecular weight polyethylene fiber fabric tape, carbon fiber
fabric tape, and metallic tape.

9. The flexible tube for transporting a cryogenic fluid
according to claim 6, wherein:

the first heat insulating layer includes a layer of nonwoven

fabric and the second heat 1nsulating layer includes a
layer of fiber-based nonwoven fabric containing aero-
gel, and

a thickness of the second heat insulating layer 1s greater

than a thickness of the first heat insulating layer such that
the second heat insulating layer 1s configured to provide
a greater heat insulating performance over the first heat
insulating layer.

10. The flexible tube for transporting a cryogenic fluid
according to claim 6, wherein a liquid permeation prevention
layer 1s provided between the optical fiber temperature sensor
and the second heat 1nsulating layer, and the liquid perme-
ation prevention layer 1s configured to reduce permeation of
the cryogenic fluid into the second heat 1nsulating layer.
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